Abstract: Sampling frequency offset (SFO) synchronization is one of the very important issue in the orthogonal frequency division multiplexing (OFDM) based digital terrestrial television broadcasting (DTTB) system. The SFO can cause an intersymbol interference and an intercarrier interference that may degrade the performance of an OFDM system. In this paper, we propose a frequency-domain sampling frequency offset estimation method for OFDM based DTTB systems. Computer simulation shows that the proposed sampling frequency offset estimation can improve BER performance with lower complexity compared to the conventional method.
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Introduction
Sampling frequency offset (SFO) occurs due to a sampling frequency mismatch between the transmitter and receiver oscilators. Sampling frequency offset could introduce an intersymbol interference (ISI) and an intercarrier interference (ICI) to the signal received by digital terrestrial television broadcasting (DTTB) receiver. The demodulation of signal that contains the ISI and ICI will dramatically increase bit error rate. Paper [1] introduced an SFO estimator for a digital video broadcastingterrestrial (DVB-T) system [2] . The algorithm proposed by [1] exploit the received scattered pilot phases and least-squares algorithm. In this paper, we propose a frequency-domain SFO estimation method. Considering the very small value of SFO, we try to minimize the influence of noise in SFO estimation to produce an estimation method with better performance.
The rest of this paper is organized as follows. Section 2 introduces an SFO problem in orthogonal frequency division multiplexing (OFDM) based DTTB system. In section 3, we discuss about the conventional SFO estimator [1] . The proposed method is introduced in section 4. Finally, simulation results and complexity comparison is presented in section 5.
Sampling frequency offset problem in DTTB system
Under the influence of SFO (η), the received OFDM baseband signal is sampled at a sampling period T = (1 + η)T . Given the transmitted signal in l-th OFDM symbol and k-th subcarrier (X l,k ) and channel (H l,k ), the timedomain received signal under influence of SFO can be defined as (1)
where t n = (N g + lN s )T + nT and z l,n is the additive white gaussian noise (AWGN). N g and N refer to the length of guard-interval (GI) and OFDM symbol, respectively. N s is the total length of an OFDM symbol with GI (N s = N + N g ). After the removal of GI, the receiver transforms the time-domain signal into frequency-domain signal using fast-fourier transform (FFT). The frequency-domain received signal with the presence of an SFO can be defined as (2)
where Z l,k and I l,k denote AWGN and intercarrier-interference (ICI) caused by an SFO, respectively. The ICI that is caused by an SFO is defined as (3)
From (2), we can observe that an SFO causes two effects, i.e. an ICI as shown by (3) and a phase-rotation. In this paper, we discuss how to estimate the phase rotation, to obtain the estimation of SFO.
Conventional SFO estimation
The conventional SFO estimation for the DTTB is proposed by [1] . They exploit the scattered pilot to estimate SFO. The scattered pilot is a training symbol that has a parallelogram shape pattern. It is located in the same subcarrier every four OFDM symbols, as defined by DTTB standard [2, 3] . Every OFDM symbol consists of P number of scattered pilots.
Firstly, the conventional method calculates the phase rotation between received scattered pilots in OFDM symbol (l) and (l + 4) by applying a conjugate multiplication. From (2), if we ignore the ICI and AWGN, then the conjugate multiplication between them can be defined by (4)
where k p is a scattered pilot subcarrier. From (4), the phase difference φ l,kp can be defined as (5)
From linear equation (5), we can calculate η as a slope of φ l,kp /k p . Paper [1] implemented a least-square estimator to calculate η. The conventional method is shown as follow:
Step 1 Calculate theζ l,m , which is the first temporary estimation of SFO. It is calculated as a slope of φ l,kp against k p using least square algorithm.
Step 2 Calculate theη l , which is the second temporary estimation of SFO.
It is calculated as slope ofζ l,m against m.
Step 3 Calculate theη by finding the average ofη 1 ,η 2 ...η L The drawback of this method is the implementation of least-square estimator that produces high complexity because it contains many multiplications and additions. Another drawback is the arctangent processes that are operated in every scattered pilots, resulting in P = 469 arctangent calculation processes in every OFDM symbol.
Proposed SFO estimation
SFO, multipath fading channel, and AWGN introduce a phase rotation to the received signal. A phase rotation due to multipath fading is largely eliminated by doing conjugate multiplication between Y * l,kp and Y l+4,kp as presented by (4). It leaves a small phase rotation caused by SFO, residue of multipath fading, and AWGN on received signal. In SFO estimation, we consider the phase rotation that is caused by other than SFO as a noise. Since the value of SFO is usually very small (part per millon (ppm) scale), the SFO estimation is very susceptible to a noise. Therefore, the accuracy of estimation really depends on the capability of estimator to eliminate the influence of noise.
In the conventional method, we calculate a phase rotation of every scattered pilot k p , before doing least square operation to estimate the SFO. Therefore, the phase rotation is actually calculated from the noisy scattered pilots. In proposed method, we modified the step 1 of proposed method. In this method, we perform conjugate multiplication between adjacent pilots to calculate the phase rotation caused by SFO.
where Δk p = k p+λ −k p . To eliminate the influence of a noise, in the proposed method, we perform averaging of the real part and imaginary part of the conjugate multiplication, as presented by (9)
By implementing (9), we can eliminate the influence of noise in real and imaginary parts of Z l,kp before estimating the phase rotation using an arctangent.
In the proposed method, we also reduce the arctangent process to only 1 arctangent process. It is much fewer compared to P arctangent processes in conventional method. In ISDB-T mode 3 [3] , they define P = 469. We can also furtherly eliminate the influence of noise by increasing the value of λ. If we set λ to be higher value, the estimated phase rotation caused by SFO becomes higher, therefore it is less subject to the noise. However, the higher λ also means fewer observation samples, then it also may decrease the accuracy of estimator. In subsection 5.2, we decide the optimum value of λ by simulating the root mean square of an SFO estimation error. We can also increase the estimation accuracy by doing step 2 and step 3 of the conventional method.
Performance and Complexity Comparison

Simulation condition
In order to compare the performance of conventional method and proposed method, we conducted computer simulations by implementing ISDB-T system mode 3 [3] . ISDB-T system employs the similar scattered pilot pattern with DVB-T system. For a channel model, we utilized the Typical Urban 6 path channel (TU6) that was defined by COST 207 [4] . This channel model reproduces the terrestrial propagation in an urban area. The complete parameters of simulation are shown in Table I . In this simulation, we also included the timing offset and carrier frequency offset (CFO). The estimation and compensation of symbol-timing and carrier-frequency offset is implemented based on the autocorrelation function of time-domain received signal [5] and the dftshift method [6] . To implement the arctangent process, we employ cordic based arctangent with 16 iteration.
λ decision
We conduct a simulation to calculate the value of λ that can maximize the performance of the proposed method. In this simulation, we decide the value of λ by simulating the root mean square (RMS) of estimation error, as presented as follow
where η andη are the SFO and the estimation of SFO, respectively. As shown by Fig. 1, λ = 135 shows the smallest RMS of estimation error, while the larger λ make the estimation accuracy become worse because of less observation sample. Using λ = 135, the estimation method can achieve RMS 
Performance comparison
In this subsection, we compare the performance of conventional method [1] and proposed method. We conducted bit-error rate (BER) simulation to compare the performance of conventional and proposed method. For 1 OFDM symbol observation (L = 1, M = 1), the proposed method can produce performance gain around 7 dB at BER = 3 × 10 −2 compared to the conventional method. The performance of conventional method can be improved by utilizing more OFDM symbols. Based on our simulation, the conventional method can reach the similar performance with proposed method by employing 10 OFDM symbols (L = 2, M = 5).
Complexity calculation
In this subsection, we compare the implementation complexity among the conventional method and the proposed method. Generally, the complexity comparison is described in Table II . In this comparison, we consider the 16 iteration of cordic for arctangent in our implementation. 16 iteration of 1 cordic process contains 48 adders. Since the conventional method using 10 symbols reaches the similar performance with proposed method using 1 OFDM symbols, then in the comparison we compare the complexity between both conditions. From Table II , we can see that in order to produce similar performance, the proposed method has much lower complexity. The proposed method can reduce number of multiplier around 90% and adder around 99% compared to the conventional method. The number of adder reduces drastically because the proposed method only employ 1 arctangent process per OFDM symbol, compared to conventional method that employs P = 469 arctangent processes per OFDM symbols. 
Conclusion
In this paper, we have proposed an SFO estimation method for DTTB system in multipath fading channel. Considering the small value of SFO, we have proposed the estimation method that can minimize the influence of noise in SFO estimation. The proposed method also reduces the number of arctangent process for 1 OFDM symbol significantly. Simulation result shows that the proposed method produces much better performance compared to the conventional method when both using 1 OFDM symbol. In terms of complexity, the proposed method can reduce the number of multiplier around 90% and adder around 99% compared to the conventional method when both produce similar performance.
